The magnetic dipolar coupling of head-to-head domain walls is studied in 350 nm wide NiFe and Co nanostructures by high resolution magnetic imaging. We map the stray field of a domain wall directly with sub-10-nm resolution using off-axis electron holography and find that the field intensity decreases as 1 / r with distance. By using x-ray magnetic circular dichroism photoemission electron microscopy, we observe that the spin structures of interacting domain walls change from vortex to transverse walls, when the distance between the walls is reduced to below ͑77± 5͒ nm for 27 nm thick NiFe and ͑224± 65͒ nm for 30 nm thick Co elements. Using measured stray field values, the energy barrier height distribution for the nucleation of a vortex core is obtained. 2 Magnetic switching by current-induced domain wall motion has recently initiated a new exciting field of research based on the interaction between spin currents and domain walls. 3 The spin structures of head-to-head or tail-to-tail 180°domain walls have been studied previously for noninteracting isolated walls. 4 Two types of walls are formed, transverse or vortex walls depending on the width, thickness, and material. [5] [6] [7] A strong influence of the domain wall interaction on the switching of magnetic elements such as rings was found recently, when interaction-induced collective switching of adjacent elements was observed for small spacings.
Ferromagnetic nanostructures with geometrically confined domain walls have been in the focus of increasing interest recently because of possible applications in different fields of nanotechnology such as nonvolatile magnetic random access memory 1 ͑MRAM͒ and magnetic logic based on domain walls.
2 Magnetic switching by current-induced domain wall motion has recently initiated a new exciting field of research based on the interaction between spin currents and domain walls. 3 The spin structures of head-to-head or tail-to-tail 180°domain walls have been studied previously for noninteracting isolated walls. 4 Two types of walls are formed, transverse or vortex walls depending on the width, thickness, and material. [5] [6] [7] A strong influence of the domain wall interaction on the switching of magnetic elements such as rings was found recently, when interaction-induced collective switching of adjacent elements was observed for small spacings. 8, 9 Such switching is dominated by domain wall motion and can only be understood with a detailed knowledge of the interacting domain walls' spin structures. Theoretically, the energies of the two domain wall types are different when interacting with an external field. We therefore expect the dipolar coupling to affect the two wall types in different ways and coupling-induced transitions from one domain wall type to another may occur. 5 A deeper understanding of the energetics involved in such interactions is only possible if the stray fields of domain walls are determined quantitatively. This knowledge can then provide a basis for understanding the interaction-dependent domain wall spin structure and the resulting magnetic behavior.
In this letter, we report the results of a quantitative study of the domain wall coupling, including the critical distances at which the interactions become significant, by the direct high resolution ͑Ͻ10 nm͒ measurement of domain wall stray fields using off-axis electron holography. Using x-ray magnetic circular dichroism photoemission electron microscopy ͑XMCD-PEEM͒ a spacing-dependent domain wall transition from transverse to vortex walls is detected. Our measurements provide a direct measure of the energy barrier distribution for the nucleation of vortex cores in these structures.
Arrays of 5 ϫ 5 rings, each of outer diameter of 1.64 m and width of 350 nm, were fabricated by electron beam lithography, molecular beam epitaxy of polycrystalline NiFe and Co, and lift-off as described in Ref. 10 . Edge-to-edge spacings between rings down to 10 nm were used to investigate different dipolar coupling strengths between domain walls in adjacent rings. For the transmission off-axis electron holography experiments, 3 / 4 rings were patterned from 27 nm thick Co films on 50 nm thick SiN membranes.
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Open rings were patterned on the fragile membranes in order to facilitate the lift-off process which cannot be assisted by ultrasound, in contrast to the PEEM samples grown on naturally oxidized Si substrates. PEEM images of domain walls in 3 / 4 rings and full rings with the same dimensions showed no difference in the domain wall spin structure.
The nonintrusive technique of XMCD-PEEM 12 was used to image the spin structure of the domain walls in the rings. The stray field of the walls was quantitatively determined using off-axis electron holography.
After saturating with a magnetic field and relaxing the field, rings attain the onion state characterized by two headto-head domain walls ͓Fig. 1͑a͔͒. An array of 25 rings in the onion state exhibits 50 walls in total. The domain walls inside the array interact with adjacent walls via their stray fields. Ten walls, which are located at the two opposite edges ͓top and bottom edges in Figs. 1͑b͒ and 1͑c͔͒ of the array are not influenced by stray fields of an adjacent wall. For all experiments, ring thickness and width were chosen such that isolated rings of this geometry exhibit vortex walls.
6,7 Figure  1 shows XMCD-PEEM images of arrays of 27 nm thick NiFe rings with ͑b͒ 40 nm and ͑c͒ 500 nm edge-to-edge spacings, respectively, as well as a high resolution image ͑a͒ showing both wall types. Vortex walls can be easily identified by black and white contrast which occurs because all magnetization directions corresponding to the full gray scale are present in a vortex. In contrast, transverse walls exhibit the characteristic gray-white-gray contrast of the triangular spin structure. In Fig. 2 , we show the percentage of transverse walls inside the array as function of the edge-to-edge spacing for 27 nm thick NiFe rings ͑black squares͒ extracted from images of the type shown in Fig. 1 . A decreasing number of transverse walls is found with increasing spacing. Domain walls at the edges of the arrays are vortex walls irrespective of the spacing due to the absence of dipolar coupling with adjacent walls. The data points for infinite spacings in Fig. 2 result from these domain walls. The transverse to vortex transition is characterized by a ͑10%-90%͒ width of the switching distribution of w = ͑65± 9͒ nm and a center at r c = ͑77± 5͒ nm. In Fig. 2 , red triangles show a similar transition for 30 nm thick Co rings with w = ͑328± 130͒ nm and r c = ͑224± 65͒ nm.
In order to explain these results, we first consider the process of domain wall formation in an isolated ring. When relaxing the applied external field from saturation, transverse walls are initially formed. In order to create a vortex wall, a vortex core has to be nucleated. This hysteretic transition from one wall type to the other involves overcoming a local energy barrier, 14 since the nucleation of the vortex core is associated with a strong twisting of the spins in the core region. 15 In arrays of interacting rings, the edge-to-edge spacing-dependent stray field stabilizes transverse walls so that for small spacings ͑corresponding to a strong stray field from the adjacent domain wall͒ transverse walls are favored ͓Fig. 1͑b͔͒. For increasing spacing, the influence of the stray field from an adjacent wall is reduced, until vortex walls are formed in the rings with the lowest energy barrier for the vortex core nucleation. The further the spacing increases the more rings nucleate vortex walls ͓Fig. 1͑c͔͒. Thus the spacing at which a wall switches from transverse to vortex is related to the nucleation barrier, which depends on local imperfections such as the edge roughness. Therefore the number of domain walls that has switched from transverse to vortex as a function of the edge-to-edge spacing is a measure of the distribution of energy barriers for the vortex core nucleation. For NiFe, a relatively sharp transition occurs from all walls being transverse to all walls being vortex walls, while for Co rings the transition is much wider. This difference is thought to result from the different polycrystalline microstructures of the NiFe ͑magnetically soft fcc crystallites with negligible anisotropy͒ and the Co ͑hcp crystallites with strong uniaxial anisotropy leading to a larger number of pinning sites͒. Furthermore, this results in the presence of transverse walls in our Co sample even at infinite spacings. Thus Co had to be chosen for the electron holography measurements rather than NiFe in order to be able to observe a transverse wall in an isolated structure at all. This spacing-dependent distribution for the vortex core nucleation needs to be transformed to a distribution as a function of the stray field, which is as a first approximation proportional to the energy. To do this, the stray field as well as the magnetization of the domain wall was imaged using off-axis electron holography. The inset of Fig. 3 shows an image of the in-plane magnetic induction integrated in the electron beam direction, obtained from a transverse wall in a 27 nm thick isolated Co 3 / 4 ring designed with the same width as that of the rings imaged by XMCD-PEEM. No significant difference between the functional dependence of the stray field on the spacing is expected for a 27 and a 30 nm thick sample. The stray field was measured along the length of the region indicated in the image, and is shown as a function of the distance r from the ring edge in Fig. 3 , normalized to the saturation magnetization of Co. The line is a 1 / r fit which can be expected for the distance dependence of the stray field created by an area of magnetic poles for small r. 16 This dependence also confirms earlier results from indirect Kerr effect measurements. 9 In order to obtain the stray field of one single domain wall acting on an adjacent wall, the stray field of an isolated wall was imaged.
The spacing-dependent energy barrier distribution is now rescaled to a field-dependent distribution using the measured stray field decay of Fig. 3 and presented in Fig. 4 . The rescaled data can be fitted with the error function erf͑x͒, which is the integral of a Gaussian distribution. 16 This suggests a Gaussian distribution for the energy barriers in agreement with the presence of independent local pinning centers at the particular wall position that determine the nucleation barrier Figure 2 shows that the transition for the Co sample saturates at a finite value for large spacings. In terms of the model described above, this means that an additional effective field would be needed to overcome the pinning of the remaining transverse walls at structural imperfections and to allow the vortex core nucleation. Since the pinning is much stronger in our Co sample than in the NiFe sample, this occurs here only for Co.
In conclusion, the stray field coupling of head-to-head domain walls in NiFe and Co nanostructures has been studied by high spatial resolution magnetic imaging. We have mapped the stray field of a domain wall directly using offaxis electron holography with sub-10-nm resolution. We find that the field strength falls off with a 1 / r dependence. For interacting domain walls in 350 nm wide ring structures, we observe a transition from a transverse to a vortex spin structure with increasing edge-to-edge spacing. For walls in 27 nm thick NiFe structures, we find a narrow distribution with a width of w = ͑65± 9͒ nm at r c = ͑77± 5͒ nm. Due to the larger stray field of the 30 nm thick Co walls, here r c equals ͑224± 65͒ nm with a broader distribution width of w = ͑328± 130͒ nm than in the soft NiFe. By correlating this distribution with the measured stray field, we obtain the energy barrier distribution for vortex core nucleation. This distribution has a Gaussian profile with H max / M s = 0.21± 0.10 and w / M s = 0.16± 0.05 and the field at the maximum is equivalent to an energy density of ͑8. 
